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NONLINEAR DIGITAL CONTROL CIRCUIT
AND METHOD FOR A DC/DC CONVERTER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a nonlinear digital control
circuit and method for a DC/DC converter.

2. Discussion of the Related Art

In particular, and in a non-limiting way, the present inven-
tion relates to a control circuit usable 1n Voltage Regulator
Module (VRM) applications, wherein the converter 1s used
tor supplying loads that absorb high current in a discontinu-
ous way, and thus have arapidly varying load. A typical VRM
application 1s the supply of computer processors, which,
according to the operations to be executed, require currents
varying rapidly (in a few microseconds) from a few micro-
amps to 100-120 A.

Currently, the most widespread control circuits are of an
analog type, but circuits of a digital type are increasingly
spreading since they have numerous advantages, such as
lower sensitivity to disturbance, environmental variations,
and variations of parameters and can be used in different
applications, without any need for modifications.

The structure of a typical digital DC/DC converter of a
step-down type that can be used for VRM applications 1s
illustrated in FIG. 1. The converter 1 of FIG. 1 comprises a
power switch S, for example a MOS transistor, having a first
conduction terminal connected to a first pin of an inductor L.
The second pin of the inductor L 1s connected to a first pin of
a capacitor C, parallel-connected to a load 2, for example a
microprocessor. A diode D 1s coupled between the first pin of
the inductor L and the second pin of the capacitor C and
forms, with the inductor L and the capacitor C, a filter F. A
second conduction terminal of the power switch S receives a
d.c. voltage V . of, for example, 12 V.

The voltage V , on the load 2 1s supplied to a linear control
stage 3, including an adder node 4, which receives the output
voltage V ,, converted into digital format by a sampler/con-
verter CONV A/D, and a reference voltage Vrel and outputs
an error signal Verr. The linear control stage 3 further com-
prises, cascade-connected to each other, an error amplifier EA
receiving the error signal Verr, a control block, for example of
a PID (Proportional-Integral-Derivative) type, a digital-to-
analog converter DAC, and a PWM comparator, which
receives, on a negative input, a ramp voltage W. The output X
of the linear control stage 3 controls a driving circuit DR,
which drives the gate terminal of the power switch S and
causes switching-on and switching-oif thereof.

When the load 2 varies, the output voltage V , undergoes a
variation of opposite sign, which i1s detected by the linear
control stage 3. This consequently modifies the on/off time
(duty cycle) of the power switch S so as to bring the output
voltage V , back to the steady-state value.

Notwithstanding the advantages, indicated above, of the
digital technique as compared to the analog one, the digital
technique 1s not readily applicable where the response speed
of the converter 1s an essential requisite, as 1 the VRM
applications mentioned above. In fact, the need to convert the
input and output signals of the control circuit from analog to
digital and vice versa and to numerically process the digital
signals causes the digital technique to be intrinsically slower.
On the other hand, for VRM applications, the system must be
able to respond to extremely fast load variations, maintaining
the output voltage within a preset range, 1n any operation
condition. Here, 1identification of an appropriate corrective
action to be inserted in the feedback line to increase the
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bandwidth of the system, and hence the speed of response, 1s
not straightforward. In fact, this system 1s affected by the
problem of the limit cycle, which 1s a phenomenon of insta-
bility that causes a considerable deterioration of the output-
voltage wavetorm due to the difference between the resolu-
tions of the A/D and D/A converters. The effects of the limit
cycle can be reduced by reducing the gain, which however
entails a reduction 1n the response speed.

Furthermore, in order to reduce the positive or negative
voltage peaks when the load 1s rapidly modified, a solution
has been proposed, referred to as AVP (Adaptive Voltage
Positioning), which enables a reduction in the output-voltage
swing in presence of load variations (see Modelling and simu-
lation of new digital control for power conversion systems, G.
Capponi, P. Livrer1, M. Minieri, F. Marino; Electronics Spe-
cialists Conference, 2002, pesc. 02.2002 IEEE 33rd Annual,
Volume 1, 2002, pp. 155-138). This solution envisages a
variation in the reference voltage so as to exploit the entire
tolerance window of the output voltage. In practice, upon
detection of a high variation 1n output voltage or output cur-
rent, the reference value 1s reduced or increased (according to
whether there 1s an increase or a reduction 1n load) by a
corrective value proportional to the maximum admissible
current variation. Alternatively, for simplicity, the reference
value can remain constant and the output voltage can be
shifted up or down (1n a direction opposite to the one expected
for the reference voltage) by a quantity equal to the corrective
value.

Using the AVP technique, the range of swing of the output
voltage 1s reduced. However, the introduction of the AVP 1n
the voltage-regulator circuit complicates the solution of the
problem of the response speed.

In the literature, the problem of the response speed of a
converter of the type indicated 1s generally solved by modi-
tying the control loop or the converter topology (for instance,
using a multiphase converter).

For example, A. Barrado, R. Vazquez, A. Lazaro, J.
Vazquez, E. Olias <<New DC/DC Converter With Low Out-
put Voltage And Fast Transient Response>>, 2003 IEEE, pp.
432-437, describes an example of nonlinear control inserted
in a single-phase system. The solution proposed 1n this article
comprises two DC/DC converters, one of which intervenes
exclusively during load variations. By approprately sizing
the phase oflset between the two converters, 1t 1s possible to
obtain an improvement in the transient response. This solu-
tion has the considerable disadvantage that a converter 1s used
only 1n presence of transients. In addition, from an analysis of
the simulations, 1t may be inferred that the solution disclosed
in this article would be far from effective 1n presence of AVP,
in so far as the overshoots would completely nullify the
advantages of the AVP. Furthermore, the solution has been
presented for current variations not greater than 16 A, and
consequently 1t 1s not applicable to situations where higher
current variations (up to 80 A and above) are present.

Other solutions, such as bang-bang control (see, for
example, U.S. 2002/0048180) are aimed at reducing the
recovery time, seeking to maintain balance between the cur-
rents of various DC/DC converters operating in parallel. This
technique 1s apparently not compatible with AVP and enables
a certain hysteresis on the output voltage. In practice, this
technique enables maximization of the response speed, caus-
ing an increase or decrease in the output current as fast as
possible and 1s not concerned with oscillations on the output
voltage.

The aim of the present invention 1s therefore to solve the
problems that afflict known solutions, providing a control
circuit of a digital type, which has a high response speed to




US 7,656,140 B2

3

load vanations, reducing as much as possible overshooting
and undershooting of the output voltage.

According to the present invention, a control circuit for a
DC/DC converter 1s provided, comprising a linear-control
loop, which has an mput receiving a quantity to be controlled
and a first reference quantity, and has an output supplying a
modulation value, and a nonlinear modulation unit for said
first reference quantity, said nonlinear modulation unit being
activated in presence of a first variation of said quantity to be
controlled higher than an intervention threshold.

The mvention also provides a method for controlling a
DC/DC converter recerving a modulation value and supply-
ing a quantity to be controlled, comprising: acquiring said
quantity to be controlled and a first reference quantity; regu-
lating with a closed linear loop said quantity to be controlled
on the basis of said first reference quantity; and detecting a
first variation of said quantity to be controlled higher than an
intervention threshold, and modulating, 1n a nonlinear way,
said first reference quantity 1n presence of said first variation
of said quantity to be controlled.

BRIEF DESCRIPTION OF THE DRAWINGS

For an understanding of the present invention, a preferred
embodiment thereof 1s now described, purely as a non-limit-
ing example, with reference to the attached drawings,
wherein:

FIG. 1 1s a block diagram of a control circuit applied to a
DC/DC converter of a known buck type;

FIG. 2 1s a block diagram of an embodiment of the control
circuit according to the invention;

FI1G. 3 shows the structure of a block of the circuit of FIG.
2;

FIG. 4 1s a flowchart of the operations performed by the
block of FIG. 3;

FIGS. 5 and 6 show the graphs of quantities of the control
circuit according to the invention; and

FIGS. 7-10 show comparative simulations for the output
voltage that can be obtained with an embodiment of the
circuit according to the invention as compared to the voltage
that can be obtained with known circuits 1n different operat-
ing conditions.

DETAILED DESCRIPTION

FI1G. 2 shows a block diagram of a switching power supply
10 for VRM applications.

In detail, the switching power supply 10 comprises a
DC/DC converter 11 made up, for example, of the driving
circuit DR, the power switch S and the filter F for supply of the
load 2 of FIG. 1. The DC/DC converter 11 recerves a signal X,
ol an on/oif type, and supplies an output voltage V ,, which,
alter being sampled and converted into digital format by a
sampler/converter CONV A/D, 1s supplied both to a adaptive-
voltage-positioning block AVP 12 and to a nonlinear-control
command block 13.

The output of the block AVP 12 is connected to an inverting,
input of a first error amplifier 14 analogous to the group adder
node 4/error amplifier EA of FIG. 1. The first error amplifier
14 moreover receives, on 1ts non-inverting mput, a variable
reference voltage V ... and generates an error signal V _ sup-
plied to a linear controller 15, for example a PID, which
generates a first duty-cycle signal DCI.

The nonlinear-control command block 13 generates, as
explained in detail heremnafter a first enabling signal ENI1,
which enables the nonlinear control loop; a second enabling,
signal EN2, which disables the closed-loop control; a second
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duty-cycle signal DC2, which replaces the first duty-cycle
signal DC1 upon deactivation of the closed-loop control; and
a reference-modification signal vV _ ..

The reference-modification signal V__  1s supplied to an
iverting mput of an adder element 18, which receives, on a
non-inverting input thereof, the output voltage V, of the
DC/DC converter 11. The adder element 18 generates a loop
voltage V, supplied to an mverting input of a second error
amplifier 19 with gain D_,. The second error amplifier 19
moreover recetves, on 1ts non-nverting mput, a fixed refer-
ence voltage V,, and outputs a difference voltage V ,-V;
supplied to a first input of a first switch 20. The first switch 20
moreover has a second input, which recerves the fixed refer-
ence voltage V , and an output, supplying the variable ret-
erence voltage V.- to the first error amplifier 14. The first
switch 20 1s controlled by the first enabling signal EN1 so that
the vaniable reference voltage V ,, .~ 1s etther equal to the fixed
reference voltage V,, or to the voltage difference V, , -V,
according to the logic value of the first enabling signal EN1.

The output of the linear controller 15 1s connected to a first
input of a second switch 21, which has a second input receiv-
ing the second duty-cycle signal DC2 and a control mput
receiving the second enabling signal EN2. The output of the
second switch 21 1s connected to a digital-to-analog converter
DAC, the output whereof 1s connected to a positive imnput of a
PWM comparator. As in FIG. 1, the PWM comparator
receives, on 1ts negative mput, a ramp voltage W and gener-
ates the control signal X for the DC/DC converter 11.

The nonlinear-control command block 13 1s, for example,
implemented as shown in FIG. 3 and comprises a processing
unmt 27, for example an ALU, which generates the digital
signals EN1, EN2, DC2 and V___, as described in detail here-
inafter with reference to FIG. 4; a program memory 28; and a
data memory 29 connected to the processing unit 27.

The switching power supply 10 of FIG. 2 operates 1n a
known way with AVP 1n the presence of small variations in
the output voltage V , and carries out a control of a nonlinear
type 1n the presence of high variations. In particular, 1n sta-
tionary conditions, the nonlinear-control command block 13
disables the nonlinear control and enables the linear control
loop with AVP. In this step, the enabling signals EN1 and EN2
have a first value, such as to keep the switches 20, 21 in the
position shown 1n FIG. 2, connecting the non-inverting input
ol the first error amplifier 14 to the fixed reference voltage V
and the mput of the digital-to-analog converter DAC to the
output of the linear controller 15. Hence, 1n this step, the
reference voltage V... used by the first error amplifier 14 1s
equal toV _,, and the switching power supply 10 regulates the
output voltage with a small ripple around the desired value. In
this step, the signals DC2 and V_, are not generated or are
meaningless.

Throughout operation of the switching power supply 10,
the nonlinear-control command block 13 continues to moni-
tor the output voltage V , of the DC/DC converter 11 and to
compare 1t with a preset threshold value to detect whether any
variation 1n load occurs. In fact, a load variation causes an
instantaneous variation in the output voltage; namely, 1f there
1s a load reduction, the current required thereby decreases,
and hence the output voltage V , increases; vice versa, 1i the
load increases, the current required 1increases, and the output
voltage V , decreases. Since the instantaneous voltage varia-
tion 1s proportional to the current variation, voltage monitor-
ing enables any load vanations to be detected immediately.

Upon detection of an output voltage V , variation greater
than a preset threshold, the nonlinear-control command block
13 activates the nonlinear control loop. To this end, the first
enabling signal EN1 switches to a second value and causes
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switching of the first switch 20 SO as to couple the non-
inverting input of the first error amplifier 14 to the output of
the second error amplifier 19. Furthermore, the nonlinear-
control command block 13 supplies the adder element 18
with the reference-modification signal V. whose value 1s

correlated to the instantaneous value of the output voltage V
when a load vaniation arises, for example the new value.

In this condition, the output value V, of the adder element
18 is

Vi=Vo-V,

VeIr?

the output of the second error amplifier 19 generates a
modulated reference value V___

Vmacf:Vrl_ HEVI:

and the non-mverting input of the first error amplifier 14
receives a reference voltage V..~ equal to the modulated
reference valueV__ .

VREF: Vm od"

In practice, as may be noted from FIG. §, in presence of a
load variation, when the output voltage V , assumes lower
values than the new steady-state value (V_ ), the reference
voltage V.~ Increases, causing an increase in the output
voltage V . Likewise, when the output voltage V , assumes
higher values than the new steady-state value V _ ., the refer-
ence voltage V... decreases, causing the decrease in the
output voltage. The nonlinear control acts by modifying the
error voltage V _ so as to compensate for the oscillating pattern
of the output voltage V ,. The addition of a gain D_, enables a
taster stabilization of the output voltage V ,, and the choice of
the gain value to be mserted in the loop 1s made on the basis
of the results obtained from the simulations: the gain should
be sufliciently high to enable the nonlinear control to have a
bandwidth that 1s suificient but should not be excessive in
order to prevent any instability phenomena in the output
voltage V.

In this way, a nonlinear control 1s implemented, which
increases the response speed of the system, maintaiming the
output voltage within the limits imposed by the specifica-
tions, thus limiting any overshooting during a load variation.

The nonlinear control referred to may, however, not be
suificient 1n the event of very high negative current variations
(for example, in a VRM control system capable on the whole
of supplying currents of up to 120 A, the nonlinear control
described above does not operate 1n a suiliciently fast way 1n
the event of a current reduction of more than 80 A). Advan-
tageously, in this case, the nonlinear-control command block
13 intervenes by moditying the duty cycle of the converter;
namely, initially, the duty-cycle signal 1s set to zero, so as to
switch off the power switch S in the DC/DC converter 11
(FIG. 1) and then, after a given time interval, the nonlinear-
control command block 13 imposes a duty cycle correspond-
ing to the value of the new steady-state condition (referred to
as false steady state). In particular, upon detection of a high
current reduction, the second enabling signal EN2 1s set to a
second logic value, causing switching of the second switch
21. Furthermore, the second duty-cycle signal DC2 1s initially
set at zero, and subsequently assumes a predetermined value,
set 1n the design stage on the basis of the characteristics of the
application (see FIG. 6). In this way, 1n this step, the digital-
to-analog converter DAC recerves the second duty-cycle sig-
nal DC2 instead of the first duty-cycle signal DC1 generated
by the linear controller 15, and mitially causes switching-oif
of the DC/DC converter 11 and subsequently assumes a value
such as to enable the linear loop to recover after the unbal-
ancing deriving from switching-oif of the power switch. As
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soon as the system reaches an equilibrium condition, the
nonlinear-control command block 13 detects 1t and reacti-
vates the linear control, causing switching of the enabling
signals EN1 and EN2 to their first value.

The operations performed by the switching power supply
10 of FIG. 2 are described hereinatter with reference to FIG.
4.

As mdicated above, the output voltage V , of the DC/DC
converter 11 1s repeatedly sampled by the sampler/converter
CONV A/D. The digital samples thus obtained are supplied to
the processing unit 27, which compares each sampleV ,, with
the immediately preceding sample V 5, (step 30 1n FI1G. 4). As
soon as the processing unit 27 detects that the absolute value
of the difference AV=V ,,-V ,, between subsequent samples
1s higher than a preset threshold Thl (for example corre-
sponding to a variation of 25 A 1n the output current I ,-output
YES from block 30), 1t checks whether the detected varniation
1s higher than a second threshold Th2, for example corre-
sponding to a variation ol 80 A of the output current I, (step
32). If 1t 1s not (i.e., the voltage variation 1s negative, or
positive but less than the threshold Th2, or, in other words, 11
the output current I, has increased or decreased by a value of
less than a critical value), the processing unit 27 switches the
first enabling signal EN1 to activate the nonlinear control, and
stores the last detected sample V ,, of the output voltage as a
reference-modification value V _ . The reference-modifica-
tion value V __ 1s moreover sent to the adder element 18
(block 34).

Next, the nonlinear-control command block 13 continues
to monitor the output voltage V , and remains 1n the nonlinear
control mode until 1t detects an unstable condition. For
example, the nonlinear-control command block 13 counts the
number of consecutive times where the difference AV=V ,,-
V,; between subsequent samples 1s, 1 absolute value,
greater than a third threshold value Th3 and considers that the
system remains in an unstable condition until the counted
number 1s below a preset value, for example 100 (output NO
from step 36). As soon as the output of the DC/DC converter
11 reaches a steady state (output YES from step 36), the first
enabling signal EN1 returns to the first value (here zero), step
38. and the nonlinear-control-command block 13 returns to
the start, step 30, monitoring the variations of the output
voltage V ..

Instead, 11 the processing unit 27 detects that the voltage
variation AV=V ,,—V ,, 1s greater than the second threshold
Th2 (i.e., the output current I, drops below the critical value
(output YES from step 32), the processing unit 27 causes
switching of the second enabling signal EN2 for deactivating
the closed-loop control, and the value of the second duty-
cycle signal DC2 goes to zero (step 40). The DC/DC con-
verter 11 1s then turned off and remains in this condition for a
preset time interval AT, stored in the data memory 29 (FIG. 3)
or given by the detection of a condition on the output voltage
V., as described below. At the end of this time (output YES
from step 42), the processing unit 27 modifies the value of the
second duty-cycle signal DC2 on the basis of a preset value
D ., stored 1in the data memory 29 or calculated on the basis of
the operative conditions, step 44 (false steady-state condi-
tion).

Next, the nonlinear-control command block 13 continues
to monitor the output voltage V , and remains 1n the false
steady-state control until 1t detects an unstable condition, for
example, as 1n step 36, it counts the number of times the
distance between two subsequent samples 1s below, 1n abso-
lute value, a fourth threshold value Thd4. The fourth threshold
value Th4 may for example be equal to the third threshold
value Th3 (output NO from step 46). As soon as the regulator
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reaches a steady state (output YES from step 46), the second
enabling signal EN2 returns to the first value (here zero, step
48) and the nonlinear-control command block 13 returns to
the start (step 30), monitoring the variations of the output
voltage V .

FIG. 5 shows the plot of the output current I,,, the output
voltage V ,, and the reference voltage V , ... on the non-1nvert-
ing mput of the first error amplifier 14 1n presence of a load
increase. As may be noted, the current required by the load
suddenly increase at time t, and causes a corresponding rapid
reduction in the output voltage V . Following upon interven-
tion of the nonlinear control loop, the reference voltage V, -
becomes variable, and the output voltage V , has a fluctuation
around the new steady-state value V _  up to the instant t,,
when the switching power supply 10 reaches a new equilib-
rium, after which linear control 1s re-established.

FIG. 6 shows, instead, the plot of the output current I, the
output voltage V ,, and the value of the duty cycle DC for a
load reduction that causes an output current reduction greater
than the critical value. As may be noted, the current required
by the load suddenly reduces at time t, and causes a corre-
sponding rapid increase of the output voltage V. Conse-
quently, the duty cycle DC 1s set to zero up to the time t, (the
time 1nterval t,-t; corresponds to the time interval AT of the
step 42 of FIG. 4). Then, the duty cycle DC 1s set at the false
steady-state value D, ; and remains there up to the instant t.,
when the system returns to equilibrium and the linear control
1s reactivated.

FIGS. 7-10 regard simulations made by the applicant for a
switching power supply both without and with intervention of
the nonlinear control loop and of the switching-oftf condition.

In detail, FIG. 7 shows the plot of the output voltage V,
with respect to the 1deal output voltage set by the AVP, obtain-
able from the switching power supply 10 when the nonlinear
control has been disabled (EN1 always equal to 0). The simu-
lation shown relates to a rapid varniation of load from 1 mQ to
1 k€2. In this case, the output voltage passes rapidly from 1V
to 0.97 V and then oscillates around the 1deal value with a
maximum swing of 15 mV, with a settling time of approxi-
mately 130 ps.

FIG. 8 shows the plot of the output voltage V , and of the
ideal output voltage obtainable from the switching power
supply 10 of FIG. 2 with nonlinear control enabled, 1n the
same conditions and with the same parameters as 1n FIG. 7.
Here, the maximum variation of the output voltage 1s 5 mV,
and the settling time 1s approximately 20 us. In practice, the
nonlinear control enables reduction of the undershoot (from
20 mV to approximately 5 mV), and, moreover, during the
transient the output voltage exceeds the new steady-state
value only marginally. Furthermore the settling time 1s far
below that of FIG. 7.

FIG. 9 shows the plot of the output voltage V , and of the
ideal output voltage without nonlinear control and without
opening the control loop 1n the case of high reduction in the
current required by the load. As may be noted, the output
voltage has a swing of approximately 20 mV with respect to
the desired value, and a settling time of 75 us.

FIG. 10 shows the plot of the same quantities 1n presence of
the described nonlinear control. Also here, from a comparison
between FIGS. 9 and 10 1t 1s evident that the overshoot 1s
reduced to approximately 10 mV (from 1.003 V 1n FIG. 9 to
1.012 V 1n FIG. 10), and moreover the recovery time 1s
halved.

The advantages of the regulator and the method described
herein are evident from the foregoing description. In particu-
lar, 1t 1s emphasized that the described solution enables an
increase 1n the response speed of the system, maintaining the
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output voltage within the limits imposed by the specifica-
tions, limiting the overshoots on account of a load variation.
The use of the nonlinear control solves the problem of the
response speed rrespective of the bandwidth of the system,
thus enabling sizing of the system with a considerably
reduced gain so as to render the effects of the limit cycle
negligible. In addition, all the information necessary for the
nonlinear control are dertved from the output voltage of the
converter appropriately digitized so that the system 1s reliable
and does not require any intervention from outside.
Finally, 1t 1s clear that numerous modifications and varia-
tions can be made to the circuit and to the control method
described and illustrated herein, all of which fall within the
scope of the imvention, as defined in the annexed claims. In
particular, even though the described system refers to the
control of a converter equipped with a single power switch,
the invention 1s applicable also to so-called multiphase sys-
tems equipped with a plurality of power switches, designed to
provide a fraction of the current required and controlled by
driving signals X phase-shifted to each other. In this case, 1n
presence of a major reduction 1n the required current, greater
than the critical value, all the power switches are turned off
simultaneously and then phase-shiftedly turned on according
to the new duty cycle. To this end, the second enabling signal
EN2 can be used directly to obtain simultaneous switching-
olf of the phases.
In addition, as mentioned above, the duration of the switch-
ing-oif of the power switch 1n the event of marked reduction
of the current requirement can be determined on the basis of
the conditions of circuit operation, instead of being preset.
For example, the processing umt 27 can store the instanta-
neous value ofthe output voltage V , when it detects a marked
variation, continue monitoring the output voltage V ,, and
reactivate the power switch 1n a false steady-state condition as
soon as the instantaneous output voltage V , reaches the
stored value (or instance, correlated to a preset current value)
or the difference between them 1s below a preset threshold.
Finally the false steady-state value D_, of the second duty-
cycle signal DC2 can be determined on the basis of the
desired duty cycle, taking into account the desired output
voltage, the supply voltage, and any possible losses in the
filter F.
Having thus described at least one 1llustrative embodiment
of the invention, various alterations, modifications, and
improvements will readily occur to those skilled in the art.
Such alterations, modifications, and improvements are
intended to be within the spirit and scope of the mvention.
Accordingly, the foregoing description 1s by way of example
only and 1s not mntended as limiting. The mnvention 1s limited
only as defined in the following claims and the equivalents
thereto.
What 1s claimed 1s:
1. A control circuit for a DC/DC converter, comprising:
a linear-control loop, which has an 1input receiving a quan-
tity to be controlled and a first reference quantity, and
has an output supplying a modulation value; and
a nonlinear modulation unit comprising a {first selector
configured to receive said first reference quantity and
a modulated reference quantity and having an output
connected to said linear-control loop, said nonlinear
modulation unit being activated 1n response to detect-
ing a {irst variation of said quantity to be controlled
higher than an intervention threshold,

wherein said nonlinear modulation unit generates a
modulation-modification quantity, supplied to an out-
put of said control circuit, the modulation-modifica-
tion quantity mnitially supplying a switching-oil value
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for said DC/DC converter and subsequently a false
steady-state-modulation value.

2. The control circuit according to claim 1, wherein said
linear-control loop and said nonlinear modulation unit are of
digital type.

3. The control circuit according to claim 1, wherein said
linear-control loop comprises a voltage-adaptive positioning
module, which receives said quantity to be controlled; an
error-amplification module, cascade-coupled to said adaptive
positioning module and recerving said first reference quan-
tity; and a linear controller cascade-coupled to said error-
amplification module.

4. The control circuit according to claim 1, wherein said
nonlinear modulation unit receives said quantity to be con-
trolled and said first reference quantity, and generates said
modulated reference quantity according to said quantity to be
controlled and according to said first reference quantity.

5. The control circuit according to claim 4, wherein said
nonlinear modulation unit comprises a control module
receiving said quantity to be controlled and generating a first
enabling signal 1n presence of said first vanation of said
quantity to be controlled; a subtractor element recerving said
quantity to be controlled and a regulation value and generat-
ing a loop quantity; a differential element recerving said loop
quantity and said first reference quantity and generating said
modulated reference quantity.

6. The control circuit according to claim S, wherein said
regulation value 1s equal to the instantaneous value of said
quantity to be controlled when said nonlinear modulation unit
1s activated.

7. The control circuit according to claim 4, wherein said
control module deactivates said linear-control loop in pres-
ence ol a second variation of said quantity to be controlled of
a preset sign and greater than a second preset threshold, said
second preset threshold being greater than said intervention
threshold.

8. The control circuit according to claim 1, wherein said
nonlinear modulation unit further comprises a second selec-
tor arranged between said linear-control loop and said output
ol said control circuit, said second selector being controlled
by said control module for replacing said modulation value
with said modulation-modification quantity in presence of
said second variation of said quantity to be controlled.

9. A method for controlling a DC/DC converter receiving a
modulation value and supplying a quantity to be controlled,
comprising;

acquiring said quantity to be controlled and a first reference

quantity;

regulating with a closed linear loop said quantity to be

controlled on the basis of said first reference quantity;
and

detecting a first variation of said quantity to be controlled

higher than an 1ntervention threshold;

generating a modulation-modification quantity 1t said

quantity to be controlled exceeds a second threshold, the
modulation-modification quantity having iitially a
switching-ofl value for said DC/DC converter and sub-
sequently a preset false steady-state-modulation value,
said second threshold being larger than said intervention
threshold; and

modulating, 1n a nonlinear way, said {irst reference quan-

tity 1n presence of said first variation of said quantity to
be controlled, wherein the modulation-modification
quantity replaces said first reference quantity when said
quantity to be controlled exceeds said second threshold.

10. The method according to claim 9, wherein said modu-

lating step comprises generating a modulated reference quan-
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tity according to said quantity to be controlled and according
to said first reference quantity.
11. The method according to claim 9, wherein said step of
generating a modulated reference quantity comprises:
generating a loop quantity proportional to a difference

between said quantity to be controlled and a preset regu-
lation value; and

generating said modulated reference quantity on the basis
of a difference between said loop quantity and said first
reference quantity.

12. The method according to claim 9, comprising:

deactivating said step of regulating with closed linear loop
upon detection of a positive variation of said quantity to
be controlled greater than a second preset threshold, said
second preset threshold being greater than said preset
intervention threshold.

13. A circuit, comprising:
a first control loop configured to provide a first modulation
value when a circuit input value 1s below a first voltage

threshold; and

a second control loop comprising a first selector configured
to recerve a first reference quantity and a modulated
reference quantity and having an output connected to
said first control loop, said second control loop being
configured to provide a second modulation value when
the circuit mput value 1s less than a second voltage
threshold and a third modulation value when the circuit
input value 1s greater than said second voltage threshold,

wherein the first control loop provides linear control of a
DC/DC conversion of an input and the second control
loop provides non-linear control of the DC/DC conver-
sion of the 1nput.

14. The circuit of claim 13, wherein the circuit operates in
the first control loop or the second control loop based on a
switch driven by a control unit.

15. The circuit of claim 13, wherein when a voltage of the
circuit exceeds a third threshold, the second control loop
operates using the third modulation value.

16. The circuit of claim 13, wherein the second control loop
operates using the second modulation value or the third
modulation value based on a second switch driven by a con-
trol unit.

17. The circuit of claim 14, wherein the switch selects a
first reference quantity in the first control loop and the switch
selects a second reference quantity in the second control loop.

18. The circuit of claim 17, wherein the second reference
quantity 1s generated by an adder and an amplifier, wherein
the amplifier recerves the first reference quantity as an ampli-
fier input.

19. The circuit of claim 13, wherein the first modulation
value and the second modulation value are generated using
adaptive voltage positioning.

20. The circuit of claim 13, wherein the third modulation

value 1nitially has a switch-oil value and subsequently a pre-
set steady-state value.

21. A method, comprising:
monitoring a quantity supplied to a circuit;

regulating the quantity in a linear loop of the circuit when
a magnitude of the quantity 1s less than a first threshold
value:

regulating the quantity 1n a non-linear loop of the circuit
using a first modulation value when the magnitude of the
quantity i1s greater than the first threshold value; and

regulating the quantity 1n the non-linear loop using a sec-
ond modulation value when the magnitude of the quan-
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tity 1s greater than a second threshold value, the second 22. The method of claim 21, wherein the second modula-
threshold value being greater than the first threshold tion value 1n1tially has a switching-oit value for the circuit and
value, subsequently a preset false modulation value.

wherein the circuit provides an output proportional to the
quantity supplied to the circuit, the output being based 5

on regulating the quantity 1n the linear loop or the non-
linear loop.
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